A six-temperature kinetic model for a CO 2 -N 2 -He system is used to describe the dynamic processes of a mechanical Q-switched CO 2 laser that is set up using a fast chopper. We put special emphasis on the effect of dynamical parameters on the laser intensity. It takes into account the effects of electrical excitation, energy transfer processes, thermal energy transport, as well as the dissociation of CO 2 molecules and rotational relaxation of rotational levels. The results calculated are in satisfactory agreement with experimental data.
I. INTRODUCTION
A mechanical Q-switched CO 2 laser that emits several tens of watts at a wavelength strongly absorbed by the main bone tissue components, hydroxylapatite, water, and collagen has been widely applied in the medical field for ablation of soft biological tissues.
1,2 However, there are some dynamic processes that are not fully clear, especially in Q-switched process. 3, 4 For instance, there are some factors that may cause a decrease in the output power, such as the electrical discharge, the dissociation of CO 2 molecules, and so on. The dynamical behaviors of a single mode homogeneously broadened CO 2 laser is usually described by two coupled rate equations for the laser intensity and the population inversion. 5 But for a Q-switched CO 2 laser, the simple two-level model ͑2LM͒ is not adequate to fit the experimental peak power and relaxation tail of the laser pulse, so that a four-level model ͑4LM͒ is well established. The 4LM, which is a five-dimensional nonlinear system of ordinary differential equations, well described some temporal behaviors such as measured time series and chaotic dynamics. 6, 7 In this paper we used a fast chopper to set up a mechanical Q-switched CO 2 laser and a six-temperature model is used to describe the dynamic processes. The model consists of several coupled differential equations describing the evolution of five temperatures in addition to the gas temperature. It takes into account the effects of electrical excitation, energy transfer processes, thermal energy transport, as well as the dissociation of CO 2 molecules and rotational relaxation of rotational levels. The simulation of pulse shape, calculated peak power, pulse width, and pulse tailing of Q-switched CO 2 laser are consistent with the experimental data.
II. THE SIX-TEMPERATURE MODEL "6TM…
For a CO 2 -N 2 -He-CO system, the schematic energylevel diagram including collision processes is shown in Fig. 1 . 8 Considering all kinds of energy transfer among molecules and the processes of electron collision excitation for CO 2 , N 2 , and CO molecules, the following equations can be obtained to describe the variation in the stored energy density in unit volume ͑ergs/ cm 3 ͒ as a function of time variation, respectively. Equations ͑1͒-͑3͒ describe the time evolution of the energy stored in the three different CO 2 a͒ Author to whom correspondence should be addressed; electronic mail: jygao@mail.jlu.edu.cn vibrational modes ͑symmetrical, bending, and antisymmetrical͒, ͑4͒ the N 2 vibrational mode, and ͑5͒ for the CO molecules: [8] [9] [10] [11] 
In each of the equations for dE i / dt, there are terms that allow for the transfer of energy from the vibrational modes to the kinetic energy ͑per unit volume͒ of the atoms and molecules of the system E, thereby the following equation, which describes the time evolution of the stored energy density in the gas mixture CO 2 -N 2 -He-CO, will be obtained:
where
N He ͪkT.
͑7͒
Considering stimulated emission, spontaneous emission, and losses in the cavity, the time evolution of the cavity-field density is given by the following equation:
The population differences between upper and lower laser levels is
where the population number density of upper and lower levels are
P͑J͒ is the ratio of the population number in the Jth rotational level to that in the vibrational level J +1:
and J =2J +1, J is the rotational quantum number. Note: f is the nondissociation ratio of the CO 2 molecules, N CO 2 and N N 2 are the respective number density of CO 2 and N 2 molecules per unit volume and N e ͑t͒ is the number density of electrons per unit volume. Equations ͑1͒-͑6͒ consist of six variables: T ͑the ambient temperature͒, T 1 ͑the equivalent vibrational temperature of the CO 2 symmetrical stretching mode͒, T 2 ͑the equivalent vibrational temperature of the CO 2 bending mode͒, T 3 ͑the equivalent vibrational temperature of the CO 2 asymmetrical stretching mode͒, T 4 ͑the equivalent vibrational temperature of the N 2 molecule͒, and T 5 ͑the equivalent vibrational temperature of the CO molecule͒. However, the energy per unit volume stored 
where the laser transition linewidth is
The photon lifetime in the cavity is
where F = l / L is the filling factor, l the laser tube length, L the resonator length, A the effect cross-sectional area of the output mirror, B the rotational constant of molecule CO 2 , c the light velocity, h the Planck constant, k the Boltzmann constant, and the wavelength and the frequency of laser emission, respectively, R eff the effect reflection coefficient ͑including grating, focusing, and output mirrors͒, K loss the loss, sp the spontaneous emission rate, N i the molecule number ͑i =CO 2 ,CO,N 2 ,He͒ in unit volume, h i the energies of different levels, X i the electron-molecule excitation rates, M CO 2 and M i masses of molecules, and Q i the collision cross section of molecules. The laser output power can be given from I 0 :
Equations ͑1͒-͑6͒ and ͑8͒ describe the processes of a Q-switched CO 2 laser. The variables in these equations are T , T 1 , T 2 , T 3 , T 4 , T 5 , I 0 . There are six temperature variables in these equations, so it can be called the six-temperature model ͑6TM͒.
III. EXPERIMENTAL SETUP AND RESULTS
The structure of our mechanical Q-switched CO 2 laser is shown in Fig. 2 .
The optical cavity is defined by a grating in order to select the P͑20͒ line and an output coupled ZnSe mirror with a transmission coefficient of 0.35. The lengths of the laser discharge, the laser tube, and the optical cavity are 120, 135, and 157 mm, respectively. A fast chopper was used to set up a simple mechanical Q-switched process. The light chopper disk is made of thin Al film of 96 mm diam, 0.05 mm in thickness, and 4 slitsϫ 90 arc deg with 0.5 mm width. The repetition rate of the chopper can be tuned to 740 Hz. The flowing gas mixture ͑Xe: CO 2 :N 2 :HeϷ 1 : 2.5: 2.5: 17.5͒ at an average total pressure of 20 Torr is excited by a longitudinal dc discharge. We added a little xenon to the mixture in order to enhance the laser output power.
When the chopper cuts down the light beam, the loss in the cavity is so high that there is no laser output and the laser intensity in the cavity is nearly zero. In this case the Q switching is closed and the deterministic part of the laser dynamics is linear. In contrast, when the light beam passes through the slits, the Q switching is open and there is a big pulse output in this nonlinear regime. The radiation is detected by an optical-voltage Hg-Cd-Te detector and the laser signal is monitored by a TDS3052 digital storage oscilloscope. When the discharge is 10 mA, the laser pulse is shown in Fig. 3 . The peak power is 1745 W, with a pulse duration of 192 ns and a repetition rate of 619 Hz. We can see the obvious tailing of the pulse.
IV. CALCULATIONS FOR Q-SWITCHED PROCESS
The mathematical model of a mechanical Q-switched CO 2 laser consists of Eqs. ͑1͒-͑6͒ and ͑8͒. When the Q switching is closed, there is no laser output. But the population is accumulated in the upper laser level. The equations listed above equal zero. For simplicity, we give out the initial values of the equations as 10 T i ͑t = 0͒ = T͑t = 0͒ = 300 K, ͑19͒
I ͑t = 0͒ = 10 −9 ͑erg cm −2 s −1 ͒, ͑20͒ When the Q switching is open, Eqs. ͑1͒-͑6͒ and ͑8͒ are used to describe the process, and the numerical calculations of the model can be achieved by a FORTRAN computer program based on the Runge-Kutta method. All calculations in this paper were carried out under these conditions: sp Ϸ 1 s, and R eff = 0.6, K loss = 0.3. In order to run the program, most of other numerical constants are measurable or available in the literature. [8] [9] [10] [11] 6TM considers the dissociation of CO 2 molecules. Figure 4 shows the variations of the cavity-field intensity for different nondissociation coefficients. It can be seen that the laser intensity in the cavity will be reduced with the increase of the dissociation coefficient. It is consistent with our experimental observation. We added some xenon to the mixture gas. It can lead to a decrease in the dissociation of CO 2 molecules with a consequent extension of the seal-off operating lifetime, and the electron energy distribution is modified to provide a more favorable energy transfer to the upper laser level with a corresponding improvement in gain and output power. In Ref. 12 the electron energy distribution is modified by 24% to increase the output power.
The electron density in the cavity is another main factor that affects the output power of a Q-switched CO 2 laser. In our case, it is obvious that the electron density is enhanced with increasing the longitudinal dc discharge. Laser intensities in the cavity for different electron densities have been shown in Fig. 5 . The peak power of I ͑t͒ will be increased with the increase of N e ͑t͒. In our experiments we also observed the increase of output power when the discharge current is increased.
Considering the effect of rotational levels, we compared the experiment results with the numerical solutions of the 6TM. The suitable J is in the range of J = 10-25. We see that this result almost gives out the same pulse shape as in Fig. 6 . This is consistent with the value reported in Refs. 13 and 14 for the P20 line.
The experimental result of the laser pulse waveform is shown in Fig. 3 . When the nondissociation coefficient is set to 0.2, the number of the rotational levels is 20, and the electron density in the cavity is about 0.55ϫ 10 12 /cm 3 , the calculated results of the laser pulse waveform are perfectly consistent with the experimental results as shown in Fig. 7 at half-maximum ͑FWHM͒ of the laser pulse of about 190 ns. Especially, the second peak of the calculated pulse is consistent with the experimental result. The tailing phenomenon is also obvious in numerical solutions.
V. CONCLUSION
In this work, a six-temperature model is used to describe the dynamic processes of the mechanical Q-switched CO 2 laser. A FORTRAN computer program is written to study the dynamic processes and the effect of laser input parameters on the output pulse. For our simple mechanical Q-switched CO 2 laser, the influences on laser intensity such as electron density, nondissociation coefficient, and rotational levels are involved. We find that the calculated pulse waveform, peak power, and pulse tailing are consistent with the experimental results.
